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Misaligned Active Galactic Nuclei (MAGNs), i.e., radio galaxies and quasars with the jet not directly pointing 
at the observer, are a new class of GeV emitters. In low power radio galaxies (i.e., FRIs), 7-rays are mainly 
produced in compact jet regions, although in at least one case, Centaurus A, high energy photons from the 
radio lobes have been also observed. The first localization of the 7-ray dissipation zone in a high power radio 
galaxy (i.e., FRII) excludes major contributions from extended regions. The study of the FRII source 3C 111 
indicates that 7-ray photons are produced in the jet. The site, coincident with the radio core, is estimated to 
be at a distance < 0.3 pc from the black hole. Although the place where high energy photons are produced 
is probably similar in FRIs and FRIIs, high power radio galaxies are rarer in the GeV sky. Our study of all 
the radio sources belonging to four complete radio catalogs (3CR, 3CRR, MS4, 2Jy) disfavors the idea that the 
paucity of FRIIs is due to their larger distance (and therefore to their faintness) and supports other possibilities, 
pointing to beaming/jet structural differences between FRIs and FRIIs. 
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1. Introduction 

The LAT instrument [1] on-board the Fermi satel- 
lite has detected more than one thousand extragalac- 
tic sources in two years of survey [2[. Unsurpris- 
ingly, the majority of these sources are blazars, which 
included BL Lacs (BLs) and Flat Spectrum Radio 
Quasars (FSRQs), having the jet pointed towards 
the observer. Due to Doppler boosting effects, the 
jet fluxes are amplified, making blazars the brightest 
sources in the extragalactic GeV sky. Only a small 
part (3%) of LAT detections have different counter- 
parts. On the basis of the source of energy for the 
nonthermal particles, the non-blazar sources can be 
divided into two broad classes, i.e., Starbursts (SBs) 
and AGNs. In SBs, the acceleration of cosmic rays 
(protons and nuclei) is due to supernovae ejecta. The 
accelerated particles produce 7-ray photons interact- 
ing with interstellar gas and radiation [3j. In AGNs, 
including Narrow Line Seyfert Is [4] and MAGNs, 
the particle accelerator is the black hole. MAGNs, 
the sub-class investigated here, consist of radio galax- 
ies (RGs) and Steep Spectrum Radio Quasars (SS- 
RQs), i.e., Radio-Loud objects with steep radio spec- 
tra (a r >0.5) and/or possibly symmetrical exten- 
sion in radio maps. RGs are divided into two radio 
morphological classes corresponding to edge-darkened 
(FRI) and edge-brightened (FRII) sources, with FRIIs 
being more powerful (P178 MHz > 10 25 W Hz -1 sr _1 ). 
In FRIs, the jets are thought to decelerate and be- 
come sub-relativistic on scales of hundreds of pc to 
kpc, while the jets in FRIIs are at least moderately 
relativistic and supersonic from the core to the hot 
spots. FRIs and FRIIs are considered the parent pop- 
ulation of BLs and FSRQs, respectively [5[. 

The first sample of MAGNs was collected in 
15 months of data Q and consists of 11 sources, 
characterized by low 7-ray fluxes (F>o.iGeV ~10 -8 
phot cm -2 s _1 ) and generally steep spectral slopes 
(r >2.4). In spite of their small number, the non- 
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Figure 1: Blazar and non-blazar sources after 24 months 
of Fermi-LAT survey. The spectral slopes are plotted as 
a function of the 7-ray luminosity (0.1-10 GeV). 



blazar 7-ray emitters are extremely appealing, as they 
offer powerful physical evidence for investigating high 
energy phenomena. The study of the Spectral En- 
ergy Distribution (SED) of single FRI radio galax- 
ies has revealed, for example, that the assumption 
of a pure, one-zone homogeneous, Synchrotron Self- 
Compton (SSC) emission region is inadequate. The 
one-zone SSC model can fit the data only assuming 
slow jets characterized by a Lorentz factor Tfri=2- 
3 1 significantly smaller than those required in BLs 
(Tbl > 10). This appears in conflict with the uni- 
fied models that assume FRI radio galaxies to be the 



lr rhe Doppler factor of a moving source is defined as S = 
[r(l — pcosO)] -1 , where (3 is the bulk velocity, T the Lorentz 
factor and 6 is the jet inclination angle 
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parent population of BLs, i.e., the same type of ob- 
ject seen at larger inclination angles. Different solu- 
tions have been proposed to explain this inconsistency 
[zL IE HI • The new models relax the idea of one homo- 
geneous zone and assume different interacting regions 
in the jet. 

A very intriguing aspect related to the MAGN sam- 
ple is the predominance of FRI RGs. FRIIs appear to 
be more elusive objects, as also attested by a study 
searching for 7-ray counterparts of Broad Line Radio 
Galaxies (BLRGs) [lOj. The simplest interpretation 
is that FRIIs are locally rarer and therefore more dif- 
ficult to detect because of their fainter fluxes. Here 
we investigate this possibility following two different 
strategies: i) the identification of the 7-ray emitting 
regions in RGs, with particular attention to 3C 111, 
the only FRII in addition to Pictor A [11] , having a se- 
cure Fermi-L AT counterpart; ii) a comparative study 
of the FRI and FRII radio and 7-ray properties of four 
complete samples of radio sources. 



FRI RG^i.^M87 [HI, NGC 1275 [17], and Centau- 
rus A [18j-[19j 2 have been discovered by Cherenkov 
telescopes up to now. Among FRIs, NGC 1275 is 
the only source showing significant 7-ray flux changes 
on time scales of months (q-j^oj- MJJ and M87 is the 
only RG exhibiting TeV flare on time scale of days. In 
agreement with the blazar results, ten years monitor- 
ing M87 seems to indicate multiple emitting regions 
of VHE photons. TeV flares appeared to be simulta- 
neous with a strong X-ray burst observed in a jet knot 
in 2005, to a strong increase (and successive knot ejec- 
tion) of the radio core in 2008, and to a nuclear X-ray 
increase in 2011 [2l|. The observed variability clearly 
supports the compactness of the GeV/TeV sources in 
FRIs, although the discovery of 7-ray counterparts of 
the radio lobes in Centaurus A [22| slightly confuses 
the picture. Conversely, the dimension/location of the 
7-ray regions (jet, hot spots lobes?) in FRIIs is com- 
pletely unknown. The first result, presented at this 
meeting for the first time and discussed in detail by 
[H, concerns 3C 111. 3C lll(z=0.0491) is a BLRG 



2. Where is the source of the high 
energy photons in RGs? 

Variability studies can provide important informa- 
tion on the size of the emitting region. Using causality 
arguments, it is possible to constrain the emitting re- 
gion dimension assuming R < cAtS/ (1 + z), where At 
is the time variability and 5 the Doppler factor. This 
approach does not allow a direct localization of the 
emitting region, unless the dissipation is assumed to 
take place in the entire cross section of the jet. In this 
case, if the half-opening angle of the jet (cp) is known, 
a roughly estimation of the gap (d) between the base 
of the jet and the gamma-ray source is d = R/ sirup. 
Recent results, based on TeV variability studies of FS- 
RQs [l2|-[l3|, have made evident that this assump- 
tion is probably not correct. The observed Very High 
Energy (VHE) flares, occurring on time scale of min- 
utes, constrain the emitting region within the Broad 
Line Region. On the other hand, this zone, rich in 
UV and optical radiation, is expected to be opaque 
to photons with energies £ 77 ~ 60(^) GeV 113 
because of pair production. This discrepancy, hav- 
ing a strong impact on theoretical models, has trig- 
gered variability studies. Multiwavelength techniques 
seem to be a particularly powerful instrument to ad- 
dress this point. The blazar analysis of outbursts at 
different frequencies has revealed their stochastic na- 
ture and the difficulty in defining a unique dissipa- 
tion zone. The events can occur in radio cores as well 
as in knots along the jet [l4|-[l5|. Constraining the 
dimension and the position of the high energy emit- 
ting region in MAGNs is a more difficult task. These 
sources are indeed faint at GeV energies and rare in 
the TeV sky. Incidentally, we note that only three 
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Figure 2: mm (230 GHz), optical (R), X-ray (2.4-10 keV) 
and 7-ray (0.1-100 GeV) light curves of 3C 111. The 
mm-optical- X-ray data are from [25]. The dotted lines 
limit the flare event (occurring between 2008 October 4 
and December 4). The black arrow indicates the time 
when the radio knot was ejected by the core. 

exhibiting radio lobes, a strong core and a knotty jet. 
It is a source extensively monitored from radio to X- 
rays by the blazar research group at Boston Univer- 



2 Another RG observed at TeV energies is IC 310. It is not 
part of the MAGN sample. 
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Figure 3: Sequences of the 43 GHz VLB A images of 
3C 111 before and after the 7-ray flare. These 
observations were performed by the BU group. 



sity (BU) 3 . 3C 111 is listed in the first but not 
in the second LAT Catalog of AGN0. Indeed, in 
the first two years of the survey, the source appeared 
in a high state only at the end of 2008 and below 
the LAT sensitivity threshold for the rest of the time. 
An on-going radio to X-ray monitoring campaign [25] 
clearly showed that 3C 111 was detected by LAT ex- 
actly when the mm-to-X-ray fluxes were increasing 
(Figure 2), unambiguously attesting to co-spatiality of 
the events. Chatterjee et al. [25| noted that the X-ray 
variations are strongly correlated with those at optical 
frequencies and that a pronounced minimum in the 2- 
10 keV light curve comes before the ejection of a new 
radio knot from the core. As most of the optical and 
X-ray photons are probably produced in a disk-corona 
(or ADAF-disk) system, they interpreted the observed 
X-ray dips as signatures of possible jet /accretion- flow 
perturbations. 

Looking at Figure 2, it appears evident that the 7-ray 
outburst occurred after a strong decrease of the X-ray 
flux and during the ejection of a new radio blob. The 
Very Long Baseline Array (VLB A) images of 3C 111 
at three different epochs of 2008 is shown in Figure 
3. The radio core is weak in August, very bright in 
November and split into two components in Decem- 
ber. This jet modification roughly follows the 7-ray 
flux evolution, revealing a direct connection between 
the 7-ray outburst and the ejection of a new radio 
knot. This unambiguously localizes the 7-ray source 
in the radio core. As discussed in detail by [23], a fea- 
ture is seen in the VLB A maps at 0.1 mas (~ 0.3 pc) 
from the core, just on the opposite side of the ejected 
bright knot. If this is the counter-jet, the black hole 
necessarily lies in between (and therefore at less than 
0.1 mas from the radio core). Considering that the 7- 
ray source is within the radio core and that the VLBA 



3 www. bu.edu/blazars/ 



spatial resolution is also ~ 0.1 mas, we can conclude 
that the distance of the 7-ray dissipation region from 
the central engine is ~ 0.3 pc or slightly larger de- 
pending on its position with respect to the counter-jet. 
Following the prescriptions of [26| 4 , we estimated the 
distance of the Broad Line Region and the torus from 
the black hole to be 0.02 and 0.6 pc, respectively. The 
compact 7-ray source of the FRII RG 3C 111, being 
at ~ 0.3 pc from the central engine, is then necessarily 
confined within the torus. 



3. Why does the LAT miss FRIls? 

In order to answer this question we consider the 
3CR 3CRR [30|, Molonglo (MS4) [3l|-[32| 

and 2Jy |33^-[34) radio catalogs. We intentionally 
chose the low (178 MHz, 408 MHz) radio frequency 
3CR, 3CRR and MS4 catalogs because they prefer- 
entially select radio sources characterized by steep- 
spectrum synchrotron emission from extended lobes. 
To directly compare MAGN and blazar properties, we 
took also into account the 2Jy sample 5 . This survey, 
collecting southern galaxies with flux larger than 2 Jy 
at 2.7 GHz, includes several compact sources. The 
total sample obtained by combining all the radio cat- 
alogs (3C-MS-2Jy sample) was then cross-correlated 
with the second AGN LAT catalog [2]. Figure 4 (up- 
per panel) shows the demography of the combined 3C- 
MS4-2Jy sample (red histogram) together with the 
LAT associations for each class of objects (blue his- 
togram). FRIls represent the most populous class 
and furthermore has the lowest number of LAT de- 
tections. This is even more evident in Figure 4 (lower 
panel) where the percentages of sources with a 7-ray 
counterpart are reported for each group (FRI, FRII, 
FSRQs, BLs, SBs and AGUs, i.e., AGNs with un- 
known classification). BLs have the highest probabil- 
ity to be detected, directly followed by SBs. FSRQs 
and FRIs have similar detection rates. FRIls, the 
most numerous objects in the 3C-MS4-2Jy sample, 
are rare with only 1% of them observed in the 7-ray 
sky. Note that similar detection rates are obtained 
considering each radio catalog separately. The sim- 
plest interpretation of this result is that Fermi cannot 
detect FRIls because they are far away and, therefore, 
not bright enough to be detected. To verify this hy- 
pothesis, we attempted to estimate the 7-ray fluxes of 
the MAGNs for which no GeV association was found, 



4 The distance of the Broad Line Region and the torus can 
be directly related to the disk luminosity. The optical lumi- 
nosity L v = 6 x 10 43 erg s _1 of 3C 111 (provided by HU and 
rescaled to our cosmology) was converted to the disk luminosity 
assuming a bolometric correction of ~ 10 [27j . 

5 http://2jy.extragalactic. info/2 Jy_ home- page.html 
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Figure 4: Upper panel - The red histogram indicates the 
number of sources in the 3CR-MS4-2Jy sample classified 
as FRI, FRII, FSRQ, BL, SB. The AGU class collects 
objects with unknown classification. The blue histogram 
shows how many objects for each class have a LAT 
counterpart. Lower panel - LAT detection rate for each 
class of the 3CR-MS4-2Jy sample. 



taking advantage of the correlation between the radio 
core and GeV fluxes noted by some authors [35j-(36j. 
We plotted the 7 -ray flux (at 1 GeV) of the 3C-MS4- 
2Jy sources with LAT detections as a function of the 
radio core flux at 5 GHz, searching for a correlation. 
Note that, we implicitly assume that the high energy 
emission mainly occurs in the jet (as supported by the 
observations - see previous section) . As shown in Fig- 
ure 5 (upper panel) and statistically demonstrated in 
Table I, a positive trend is clearly present. The prob- 
ability (P r ) that the observed correlation occurred by 
chance is less than 1% for the total sample and is less 
than 3% when only FRIs and FRIIs are taken into 
account. Knowning the radio core flux, the expected 
GeV flux of each source of the 3C-MS4-2Jy total sam- 
ple can be then estimated using the linear relation 
between the radio core (at 5 GHz) and gamma-ray 
fluxes (at 1 GeV) (see Table I). 

In Figure 5 (lower panel), the histogram of the pre- 
dicted (dashed lines) and observed (solid lines) 7-ray 
fluxes for both FRI (red lines) and FRII (green lines) 
classes are shown. Here the estimated fluxes at 1 
GeV are based on the linear regression of the MAGNs 
alone. Similar results are obtained even when the 
blazars (plus AGUs) with LAT counterparts are con- 
sidered in fitting the radio-gamma data. 
It is evident that, the number of FRIs and FRIIs 



Table I : Radio core-7-ray linear correlation: 
Log(v 1 F 1 ) — a + b x Log(is r F C ore) 
r is the Spearman coefficient of correlation and P r the 
relative probability that the correlation occurs by chance. 



Sample 



Total 6.2(1.6) 0.6 (0.2) 0.65 < 0.01 
MAGN 7.9(1.2) 0.4 (0.1) 0.66 < 0.03 



expected to have a gamma-ray flux above the LAT 
sensitivity threshold (dotted vertical line in Figure 5 
lower panel) is considerably larger that those actually 
detected. This could suggest that non-blazar radio 
sources are preferentially detected during periods of 
strong jet activity. In any case, the gap between the 
FRIIs potentially detectable by Fermi and those really 
observed is impressive and definitely larger than that 
of FRI class. The idea that distance/faint ness effects 
can explain the scarcity of powerful edge-brightened 
radio sources does not seem to be supported by the 
data. Other interpretations need to be explored. 
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Figure 5: Upper panel - Radio- Gamma correlation of the 
3C-MS4-2Jy objects with a 7-ray association (black line). 
A positive (flatter) trend is also present when only FRI 
and FRII sources are taken into account (red line). Lower 
panel - Histogram of the predicted fluxes for all the FRI 
(red) and FRII (green) radio sources belonging to the 
3C-MS4-2Jy sample (dashed lines). For comparison, the 
real observed MAGNs are also shown. Many FRIIs are 
expected to be bright enough to be detected by Fermi 
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Figure 6: The Doppler boosting is stronger and the 
beaming cone narrower if the high energy emission is due 
to Compton scattering of jet environment photons (EC 
process) rather than to Compton scattering of 
synchrotron photons produced in the jet (SSC process). 



It is possible that the jet activity is more often trig- 
gered in FRIs than in FRIIs. Spending more time in 
a high state, low power radio galaxies could be more 
easily caught by the LAT. Alternatively (but not nec- 
essarily in contrast with the previous suggestion) the 
assumption of similar flux boosting factors at low and 
high frequencies for both FRIs and FRIIs could be 
too simple (37J . For example, if the emission is due 
to Compton scattering of external photons in the jet 
(EC) the Doppler boosting is stronger and the beam- 
ing cone narrower than in the case of SSC processes 
(see Fig. 6). If the EC and SSC mechanisms domi- 
nate the high energy emission of FRIIs and FRIs, re- 
spectively [38| , a beaming difference could explain the 
lower 7-ray detection rate of powerful edge-brightened 
radio galaxies 6 . Another possibility is that one-zone 
homogeneous SSC/EC models are an oversimplified 
interpretation, as suggested by the study of the FRI 
SEDs of NGC 1275 [39[, M87 (|o| and NGC 6251 [H|. 
New models have been proposed in the last years, like, 
for example, the decelerating jet flow Q, the spine- 
layer jet [8] and the colliding shell [9] models (Fig- 
ure 7), all assuming a structured jet with different 
regions at different velocities. Within this context, 
the paucity of FRIIs with a LAT counterpart, could 
be ascribed to a less prominent (or absent) external 
layers and/or less efficient deceleration processes [42|. 
Incidentally, we note that the recent fast variability 
observed in blazars at TeV energies (see previous Sec- 
tion) has further weakened the one-zone homogeneous 
jet picture 0-0. 



4. Conclusions 

The 7-ray study of MAGNs, a new class of GeV 
emitters discovered by the Ferraz-LAT, is of primary 



6 It is known that FRIIs are generally richer in seed photons 
(coming from accretion disks, Broad Line Regions, tori and 
Narrow Line Regions) while FRIs seem to be characterized by 
a poorer environment. 
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Figure 7: A sketch of the recent models proposed for a 
jet. The one-zone homogeneous emission region is 
inadequate to interpret the observations that require a 
more complex jet. The jet could be structured with an 
inner fast region surrounded by slower layers [8|] (upper 
panel), could be decelerating [3] (middle panel) or could 
contain colliding relativistic shells [9] (lower panel). 



importance in understanding the complexity of FRI 
and FRII jets. Indeed in RGs, high energy photons 
are mainly produced in the jet, although the Fermi ob- 
servation of the radio lobes of Centaurus A indicates 
a possible contribution from extended kpc structures. 
Flux variability observed at high energies in FRI RGs 
(NGC 1275 and M87) supports the idea that the emit- 
ting regions are compact. The first localization of the 
7-ray source in a FRII RG, i.e., 3C 111, excludes a 
significant GeV contribution from radio lobes and/or 
hotspots. The dissipation region, at least during a 
flare, is within the radio core of the jet at a distance 
< 0.3 pc from the black hole. 

Although the place where high energy photons are 
produced is similar in both FRIs and FRIIs, high 
power radio galaxies are rarer in the GeV sky. We 
confirmed the paucity of FRIIs, analyzing 4 complete 
catalogs of radio sources. Although the majority of 
the objects belongs to the FRII class, only 1% of them 
has a 7-ray counterpart. Assuming as plausible the 
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link between the radio core and the 7-ray fluxes, it is 
improbable that FRIIs are missed by Fermi, because 
locally rarer and therefore fainter. We suggest other 
possible interpretations. If radio galaxies are prefer- 
entially observed during a flare, it could be difficult 
to catch FRIIs in case they spend most of the time 
in quiescent phase. The FRII 7-ray elusiveness could 
also reflect intrinsic jet differences. If the high energy 
emission is mainly due to EC in FRIIs and to SSC 
in FRIs [38|, the Doppler boosting is expected to be 
stronger and the beaming cone narrower in more pow- 
erful RGs. Finally, FRII jets could be less structured, 
likely poorer of shocked regions, and dominated by 
a fast spine, while in FRIs, the external layers could 
be more prominent and/or the jet could be more effi- 
ciently decelerated. 
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